Abstract. A systematic structural integrity analysis and optimization of an elevator chassis under real dynamic load conditions are presented in this work. The special feature of this paper is that the study was performed on industrial an elevator system (produced by Kleemann
INTRODUCTION
Ever evolving elevator design requirements frequently require improvements/modifications of either specific mechanical components or even of entire structures. FE modeling of elevator systems is not straightforward because of these two aspects of the analysis. (a) When safety gear is activated and the elevator stops, braking forces act on the system, whose dynamic response must be accurately simulated. (b) An efficient modeling method is required for the various elevator parts which are in contact with each other. To achieve these modeling issues, it is important to develop an accurate Finite Element Analysis procedure, in order to simulate the dynamic behavior of these systems. This is the main technical issue addressed by the present work.
The equations of motion of mechanical systems with complex geometry are first set up by applying classical finite element techniques. As the order of these models increases, existing numerical and experimental methodologies for a systematic determination of their dynamic response become inefficient. Therefore, there is a need for the development and application of new appropriate methodologies for investigating the dynamics of large scale mechanical models in a systematic and efficient way. Traditionally, in the area of structural dynamics this is done by first employing methodologies that reduce the dimensions of the original system. This paper applies a time domain reduction method [1] [2] [3] [4] [5] .
The main objective of the present work is to demonstrate the advantages of applying appropriate numerical and experimental methodologies in order to accurately predict the dynamic response and the identification of the critical points in an elevator system. This is done by applying a numerical method for determining the equations of motion for the main elevator parts, while the dynamic behavior of the remaining components are taken into account through the application of appropriate experimental measurements. The special feature of this paper is that the study was performed on industrial an elevator system including all details/complexities of a commercial system. The organization of this paper is as follows. In the following section, a brief but complete outline of the methodology that reduce the dimensions of the original system is presented. Then, in the third section, the effectiveness and accuracy of the Finite Element Analysis procedure is demonstrated, by presenting numerical and experimental results obtained for the real elevator system. Here, the reliability of the methodology was tested first analytically in the elevator chassis with the platform of the cabin and next in the full elevator system (chassis and cabin). The study concludes by presenting a summary of the results obtained.
CLASS OF MECHANICAL SYSTEMS EXAMINED -EQUATIONS OF MOTION
The equations of motion of mechanical systems with complex geometry are commonly set up by applying finite element techniques. Quite frequently, a systematic investigation of the dynamics of large scale mechanical structures leads to models involving an excessive number of degrees of freedom. Therefore, a computationally efficient solution requires application of methodologies reducing the numerical dimension of the original model [1-6, 8, 9] . Next, the basic steps of a time domain reduction method is presented briefly.
For simplicity, consider a mechanical system consisting of two subsystems, say A and B. Moreover, let the equations of motion for subsystem A be derived from the following classical form representing the external forcing. For a typical model, the number of these equations may be quite large. However, for a given level of forcing frequencies, it is possible to reduce significantly the number of the original degrees of freedom, without sacrificing the accuracy in the numerical results, by applying standard component mode synthesis methods [1, 6] . This can be achieved through an approximate coordinate transformation of the form
The transformation matrix A  includes an appropriately chosen set of the lowest frequency normal modes of component A, corresponding to support-free conditions [1] . The number of these modes depends on the accuracy required in the response frequency range examined. Consequently, matrix A  is completed by a set of static correction modes of component A [3, 4] . Employing this transformation, the original set of equations (1) can be replaced by a considerably smaller set of equations, expressed in terms of the new generalized coordinates A q . More specifically, application of the Ritz transformation (2) onto the original set of equations (1) yields the much smaller dimension set
Moreover, the set of unknowns can be split in the form (3) and (4) leads to the equations of motion of the composite system in the classical form
with coordinates
The stiffness matrix of the composite system can be obtained by considering the total potential energy of the system. Likewise, the mass matrix of the composite system is obtained by considering the corresponding kinetic energy, while the forcing vector is determined by considering the virtual work.
EXPERIMENTAL APPLICATION ΤΟ ΑΝ ELEVATOR SYSTEM
In this section, the emphasis is placed on applying the methodology proposed to a real elevator system. The ultimate goal was to develop an accurately Finite Element Analysis procedure, in order to simulate the dynamic behavior of this system. The proposed procedure is presented in detail in the following sections.
Finite Element Model
The experimental system examined addresses a real elevator system which is shown in Figure 1 . In this example, the system consists of two main substructures. The first part is the chassis of the elevator, while the second part is the cabin. The geometry of these structures was discretized using mainly rectangular and triangular shell finite elements. Additionaly, some other elements like solid (hexahedral) and rigid body elements were also used. The total number of degrees of freedom of the resulting model (chassis and cabin) was about 4,500,000. Due to the large size of this model, the solution of the finite element model was completed by using appropriate commercial software [13, 14] . The FE models of these two parts are presented in Figures 2a and 2b , respectively. A B
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After development of the overall finite element model, including the coordinate reduction and synthesis part, the next step was to examine the dynamic response of system when safety gear is activated and the elevator stops. In order to accurately simulate this procedure, it's necessary first to verify the accuracy of the developed FE model and also identify the braking forces that acting on the system. To achieve this a combination of numerical and experimental methods was applied [9] .
Determination of Acceleration Levels Under Real Dynamic Load Conditions
In order to verify the accuracy of the FE model of the system and also identify the braking forces acting on the system, we select, to examine only the elevator chassis including the platform of the cabin with full load. On this system, triaxial accelerometers are placed at (6) selected positions. These positions along with the measurement directions are presented in Figure 3 : the two connection points of the frame with the safety gear (A1, A2) are included along with four other locations (A3-A6) which are used as reference points. A series of experimental trials were performed under real operating conditions (free fall of the elevator frame), using an experimental device designed and constructed exactly for this purpose (by Kleemann Hellas S.A), aimed at recording the acceleration time histories at the selected six points. These measurements were performed using a data acquisition system (CDAQ) by National Instruments, with the related software which was made at NI Labview environment. The measured frequency range for the tests conducted was selected to be 0-1024 Hz. Figure 4a depicts the data acquisition system, while Figure 4b presents a picture of the load (weight) placed on the elevator platform. Next, Figures 6a, 6b and 6c present typical acceleration time histories in the three directions (X-longitudinal, Y-vertical, Z-transverse), at the connection point A2 of the chassis with the safety gear. These time histories were measured during one of the tests performed by using a progressive safety gear. Also, each figure presents the corresponding peak-to-peak and GRMS values. 
ACCELERATION HISTORIES IN THE: (A) X-LONGITUDINAL DIRECTION, (B) Y-VERTICAL DIRECTION AND (C) Z-TRANSVERSE DIRECTION, WITH PEAK TO PEAK AND GRMS
VALUES.
Results of FE Model Analysis -Identification of Critical Points
Next, the measured acceleration time histories were used to determine the braking force that acting on the system. After several experimental trials, the form of the corresponding time-varying braking forces, in each progressive safety gear, were calculated. Then, these force time histories were imported as base excitation in the finite element model of the system. Also, in order to solve this transient response analysis problem in a computationally 3199 effective way, a reduction in the dimensions of the original system is performed, so that the results are accurate in the frequency range 0-500 Hz. The total number of degrees of freedom in the reduced model was about 3,500, which is much smaller than the number of degrees of freedom in the original model (1,200,000). The reduced model was solved numerically in order to calculate the maximum stresses developed for the given loading. The identified critical points of the structure include mainly areas of the chassis arms on which the platform is based. Figure 7 shows selected results, in which some indicative points of the superstructure with maximum stresses are presented. 
Validation of the Applied Methodology
In order to test the reliability of the method applied, strain gauges were placed at (5) selected critical points of the chassis and a new set of measurements was carried out under similar dynamic loading conditions, to experimentally verify the stress levels developed. These positions are presented in Figure 8 and include locations on the right side of the chassis arms (SG1, SG2 and SG3) and on the left side (SG4 and SG5). For a complete monitoring of the stress state, three bridges with a 120 o angle rosette were placed at each of the selected points. Figure 9 presents photographs of the strain gauges at the measurement locations. 
Analysis of the FE Model of Full Elevator System (Chassis and Cabin)
Finally, in an effort to further illustrate the accuracy of the applied method, a similar analysis was applied on the finite element model of the full elevator system (chassis and cabin). More specifically, the model was solved numerically in order to calculate the maximum stresses developed for similar loading conditions, which were applied in the paragraph 3.3. Also, the corresponding experiment was set up. Figure 10 , presents a comparison between the numerical and experimental results.
More specifically from the FE model analysis, arises that in some locations of the cabin the stresses developed exceeds the limits of the material yield strength. The most important of these locations are on the upper corners of the door, as shown in the Figure 11 . The results of numerical analysis were confirmed from the experimental test. More specifically, the photo in figure 11 , presents the deformation of the cabin at the top of the door, exactly in the same location where the FE model analysis results shows.
Comparison of numerical and experimental results indicated that the methodology applied gives accurate results and provides a useful tool in predicting the critical stress levels developed in the elevator systems under given loading conditions. 
SUMMARY
A systematic method was presented for determining the dynamic response and identifying the critical points of an elevator system when subjected to dynamic load conditions. The basic idea was to start the solution process by first discretizing geometrically the system with the finite element method. In order to verify the accuracy of the FE model of the system and also identify the braking forces acting on the system, examined only the elevator chassis including the platform of the cabin with full load. In this system, a series of experiments was performed in real operating conditions (free fall of the elevator frame), aimed at recording the acceleration time histories at selected locations. Next, a component mode synthesis method was applied in order to eliminate a substantial number of degrees of freedom of the original model. The measured acceleration histories were subsequently used in order to determine the braking force that acting on the system. Then, these force time histories were imported as a base excitation in the reduced finite element model of the system and the stresses developed under specific loading conditions were evaluated. From these numerical results, the critical points of the superstructure were selected, based on the level of the largest stresses. Finally, a new set of measurements was carried out in order to experimentally verify the stress levels developed. In an effort to further illustrate the accuracy of the applied method, a similar analysis applied in the finite element model of the full elevator system (chassis and cabin). Comparison of nu-merical and experimental results indicated that the methodology applied gives accurate results and provides a useful tool in predicting the critical stress levels developed in the elevator.
